Asthma is a complex disease of the lungs, which is characterized by airway inflammation and airway hyperresponsiveness (AHR). Alveolar macrophages (AMs), one of the prominent immune system cells found in the airways, have been implicated in the development and progression of asthma. AMs constitute a unique subset of pulmonary macrophages, which serve as a first line of defense against foreign invaders to the lung tissue. In addition, based on human and animal studies, they have also been found to regulate pro-and anti-inflammatory responses in the airways, suggesting that these cells have a critical role in asthma. In this review, our focus is to evaluate the relevance of AMs in the context of asthma, and the underlying mechanisms that regulate their functions. M1 and M2 subsets. 26 M1 macrophages are known to drive inflammation in response to intracellular pathogens, 27 -29 while M2 macrophages are involved in phagocytosis of foreign pathogens and apoptotic cells. 30 Previously, interferon-and lipopolysaccharide were thought to polarize macrophage differentiation to M1 while Th2 cytokines interleukin (IL)-4 and IL-13 to M2 type of macrophages. 27 -30 Interferon-in combination with lipopolysaccharide or IL-27 exaggerates airway hyperresponsiveness (AHR) and non-eosinophilic inflammation. 31 As these conditions also induce M1 polarization, this effect is likely to be mediated partially through M1 cells.
INTRODUCTION
Asthma is a chronic inflammatory disease characterized by bronchial hyperresponsiveness, airway remodeling, and increased influx of inflammatory cells in the lungs along with a prominent Th2 cytokine signature. 1 Among inflammatory cells, macrophages are the most abundant leukocytes found in alveoli, distal airspaces, and conducting airways, 2 -4 suggesting that they have an important role in providing protection against foreign pathogens at the interface of the external environment and the alveolar tissue. Existing literature has established a substantial link between lung macrophages and airway remodeling 5, 6 and eosinophilic inflammation 6 in asthma. However, it is not yet clear whether these cells have an inflammatory or immunosuppressive role.
LUNG MACROPHAGES AND ASTHMA
Mainly, three classes of macrophages are identified in the lung tissue: bronchial macrophages (BMs), alveolar macrophages (AMs), and interstitial macrophages (IMs). BMs are isolated from induced sputum, 7, 8 while AMs are found in alveoli lumen, presiding a nonspecific innate defense mechanism. IMs inhabit the interstitium where they interact with interstitial lymphocytes and help in mounting a specific immune response. 9 -11 Generally IMs are considered as antigen-presenting macrophages, 12 but when AMs are primed with allergen ex-vivo , they can also help in expanding allergen-specific T-cell response in human and guinea pigs. 13 -15 Studies on rodents, however, do not go along with the concept of AMs as antigenpresenting macrophages. 16 Given that BMs, AMs, and IMs occupy different compartments in lungs, it would be interesting to understand whether they collaborate to mediate their functions. The aim of this article is to provide a circumspect review of the available data on AMs specifically and to discuss their role in the development of pulmonary pathology in asthma.
AMs arise from circulating blood monocytes, which colonize the tissues under inflammatory and noninflammatory states. AM-derived monocytes chemoattractant protein-1 has a significant role in the recruitment of monocytes to the inflamed tissue. 17, 18 AMs are also shown to originate from IMs, which serve as obligate intermediate between blood monocytes and AMs. 19, 20 Local proliferation sustained by colony-stimulating factor is also suggested as an important source of their expansion in human and murine airways. 21, 22 There is one more type of lung macrophages described in humans, cats, dogs, and sheep, known as intravascular macrophages. Intravascular macrophages are located on the inner side of capillaries, suggested to fight against pathogens that are entering into the lungs through blood. These cells are, however, not found in rodents. 23 -25 As their function is comparable to that of AMs, it would be interesting to determine whether they serve as an intermediate stage between blood monocytes and AMs, or they actually exist as a discrete population.
Macrophages, in general (including AMs and IMs), are characterized based upon their role and cytokine profile. Two
The alveolar macrophages in asthma: a double-edged sword REVIEW such subpopulations are currently known: M1 and M2 subsets. 26 M1 macrophages are known to drive inflammation in response to intracellular pathogens, 27 -29 while M2 macrophages are involved in phagocytosis of foreign pathogens and apoptotic cells. 30 Previously, interferon-and lipopolysaccharide were thought to polarize macrophage differentiation to M1 while Th2 cytokines interleukin (IL)-4 and IL-13 to M2 type of macrophages. 27 -30 Interferon-in combination with lipopolysaccharide or IL-27 exaggerates airway hyperresponsiveness (AHR) and non-eosinophilic inflammation. 31 As these conditions also induce M1 polarization, this effect is likely to be mediated partially through M1 cells.
Th2 cytokines skews macrophage differentiation to M2 type. M2 cells secrete FIZZ1 (found in inflammatory zone-1) and Ym-1 (a chitinase-like molecule) upon Aspergillus fumigatus challenge in asthmatic mice. 29, 32 FIZZ1 (a resistin-like molecule-) and Ym-1, 33 induced by Th2 cytokines, are overexpressed in asthma. 19 The production of these profibrotic and inflammatory factors is infact a defense mechanism to maintain pulmonary homeostasis in asthma; however, their excessive production results in aggravated lung injury. 19 Recent developments have, however, suggested plasticity in macrophage phenotypes as reviewed in ref. 34 . It is due to the overlapping of phenotypes and conversion of one phenotype to another depending upon the inflammatory response; it is not clear which subpopulation is most involved in asthma pathogenesis or resolution. There are studies that showed promotion of both M1 and M2 cell types irrespective of the cytokine mileau. For example, IL-33 promotes a Th2-type response 35, 36 while activating both subtypes of macrophages and contributing to allergic inflammation. 37 -39 In a related study, it was found that IL-4 could also induce the production of IL-6, IL-12p70, and tumor necrosis factor by M1 macrophages. 39 Collectively, more studies are needed to clarify the role of macrophage phenotypes plasticity in asthma.
ANTI-INFLAMMATORY ROLE OF AMs
Anatomic location of AMs and their functions suggest that they are capable of maintaining homeostasis in the airways. On one hand, they fight against pathogens by activating multiple immunological pathways and serve as first line of defense, while on the other hand, they manifest an anti-inflammatory response to protect excessive tissue damage. Such anti-inflammatory response is observed in several asthmatic studies too. Depletion of macrophages and subsequent adoptive transfer of these cells from genetically or phenotypically dissimilar donors have been widely used as a principle strategy to study their functions in vivo . 40 -42 A significant percentage of AMs can be depleted by intratracheal or intranasal administration of the drug, clodronate, encapsulated in liposome. 40, 41 Clodronate thus administered is phagocytosed by AMs, which degrade the drug using its lysosomal machinery. The degraded product then disrupts the mitochondrial inner membrane integrity and induces apoptosis in AMs. 43 Here, depletion of other phagocytic cells such as dendritic cells and neutrophils is a major concern; however, it is less likely due to their inability to degrade clodronate pertaining to different phagocytic mechanisms employed by them. 44 By adoptive transfer experiments, it was found that allergen induced AHR and inflammation is ameliorated when AMs from unsensitized mice are transferred to macrophage-depleted sensitized mice. 42 It was apparent that AMs from unsensitized mice, which are not antigen-primed and have better regeneration capacity, 45, 46 provided protection against asthmatic symptoms. Earlier studies also indicated the role of asthma-associated immune dysfunctions in affecting early precursors of AMs. 42 A study by Vissers et al. 47 further demonstrated that intravenously administered allergen-loaded macrophages accumulate in the spleen and induce an indirect but long-term allergen-specific immunosuppressive effect through regulatory T cells. Although these macrophages are not AMs and do not cumulate in the lungs, the study suggests that allergen priming of macrophages can also manifest a protective function. Their finding is further supported by a report by Bang et al., 42 which showed that AM depletion worsened AHR and inflammation in asthmatic mice. Brown Norway rats also showed similar response on AM depletion. 48 AMs are rather found to control nonspecific inflammatory response. 48 Altogether, it seems that AMs have a protective role; however, AMs from asthmatics may not be as efficient as those from healthy non-asthmatics in contributing to an anti-inflammatory response. Therefore, transfer of unsensitized AMs to AM-depleted asthmatic mice is found to provide protection as they allow apposite phagocytosis of apoptotic cells so that super-proinflamatory functions of these dying cells and other antigen-presenting cells can be suppressed. 49, 50 The regulatory control of AMs on T cells is mediated by suppressing their proliferation through a nitric oxide synthase-dependent pathway. 51, 52 Suppression of DC-induced T-cell activation by AMs has also been reported. 50 However, this suppressive effect on lymphocytes can be reversed by granulocyte -monocyte colonystimulating factor, produced locally during acute inflammatory reaction. 53 Similar observations were made in human asthmatic studies. Suppression of T-cell proliferation by AMs was proposed to be mediated through cell -cell interaction. 51 Further, AMs from non-asthmatic subjects express lesser co-stimulatory molecules (CD80 and CD86) compared with AMs from asthmatics, and thus contain lesser potential to induce the production of IL-4 and IL-5 by T-cell lines. 54, 55 Moreover, AMs from asthmatic subjects produce greater IL-10 than healthy counterparts, which could be an additional mechanism to suppress the inflammatory response. IL-10 production by AMs in asthma can be further increased by corticosteroid treatment. 56 Enhanced production of IL-12 by AMs from asthmatics than their healthy counterparts was also proposed to neutralize Th2 response. 56 However, this report was contradicted by a succeeding reminiscent study, 57 therefore status of AMs in regulating the expression of IL-12 is uncertain. AMs, which constitutively produce nitric oxide, do so at greater extent in asthmatic state. Enhanced nitric oxide thus produced inhibits the production of inflammatory cytokines from AMs. 58 Current evidence (as briefed in Table 1 ) illustrates the immunosuppressive effects of macrophages to confer resistance REVIEW to asthmatic manifestations and suggests that this resistance is transferable.
PRO-INFLAMMATORY ROLE OF AMs
Current literature has also indicated an essential role of AMs in the development of allergic airway diseases such as asthma. Human and animal studies have provided crucial information on how activation of AMs drives Th2 inflammation. Besides dysfunctional phenotype of such cells in asthma, their role in exacerbating IgE-dependent inflammation has also been observed.
In a study by Careau et al. , 49 it was observed that when allergen-primed AMs are transferred to AM-depleted non-asthmatic healthy mice, they do not induce AHR and inflammation. 49 Contrary to this, Moon et al. 6 demonstrated that AMs from sensitized mice are capable of inducing eosinophilic inflammation upon transfer to unsensitized mice. The disparity in the observations may be owing to differences in the experimental strategies employed in these studies. For example, in the later report, nonsensitized non-asthmatic mice are challenged with ovalbumin (OVA) after adoptive transfer of sensitized AMs. As the origin of AMs in this study was not studied, it is possible that eosinophilic inflammation, which was observed in the recipient animals, resulted from immune activation owing to OVA challenge and not entirely due to the adoptively transferred sensitized AMs. This study, however, draws attention to another side of the coin: a proinflammatory role of AMs. Sensitization with allergen increases the percentage of CCR3-expressing CD11b + CD11c intermediate macrophages, which are otherwise CD11b intermediate CD11c + AMs in normal animals. 6 Allergen exposure renders these AMs more efficient in stimulating allergen-specific T cells, thereby resulting in an elaboration of the Th2 cytokines (IL-4, IL-5, and IL-13) in bronchoalveolar lavage fluid. OVA sensitization followed by challenge results in IL-17 over expression by CD11b + F4 / 80 + AMs, which mediate OVA-induced AHR and allergic inflammation in these animals. 59 Infact, OVA challenge induces the release of mediators by mast cells, which then induce IL-17 production by AMs. 59 AMs facilitate the recruitment of activated neutrophils to the alveolar space. 60 Activated neutrophils have a short inflammatory life span as they are programed to undergo constitutive apoptosis within few hours of activation. 61 Apoptotic neutrophils are recognized and phagocytosed by AMs. 62 This process itself helps resolve pulmonary inflammation, first by preventing the leakage of toxic neutrophilic intracellular contents, and second by inducing the production of IL-10. However, paralysed phagocytic capacity of AMs is observed in asthmatic subjects, which further amplifies the inflammation by not efficiently clearing the dying cells. Downregulation of CD16 and CD64 was observed in BMs isolated from asthmatic individuals as compared with healthy subjects. CD16 and CD64 mediate the phagocytic activity of BMs, their poor expression results in compromised phagocytic activity of BMs. 8, 63 However, whether a similar phenomenon is occurring in AMs is not known.
Role of IgE and its low-and high-affinity receptors have also been observed in mediating asthmatic symptoms by AMs. IgEinduced CD23-dependent production of proinflamatory and anti-inflammatory cytokines was observed ( Table 1 ). The effect of IgE was tested on control and asthmatic subjects, and it was found that AMs from asthmatic subjects showed greater production of proinflamatory cytokines than anti-inflammatory cytokines. 64 Stimulation with IgE -anti IgE complex induces 
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the production of leukotriene B4, prostaglandin F2cx, thromboxane B2, and the lysosomal hydrolase N -acetyl-fi-d -glucosaminidase. 65 Other products from arachidonic acid pathway, leukotriene C4 and thromboxane A2 are also induced by AMs, potentially modulate the bronchial smooth muscle tone . 66, 67 IgE -anti IgE complex induces the production of tumor necrosis factor by AMs, which is further amplified by pretreatment with interferon-. 68 Collectively, there are indications of direct and indirect role of AMs, contributing to the inflammation during asthmatic manifestations.
CONCLUDING REMARKS
Current evidence suggests that AMs have a wide range of immunoregulatory functions in asthma beyond that of a barrier to pathogens intruding into the alveolar tissue. The studies discussed in this review assert that macrophages are not only associated with the maintenance of pulmonary homeostasis by performing anti-inflammatory functions, but also likely an integral part of the mechanisms perpetuating inflammation and tissue injury associated with asthma. However, further research focusing on the modulatory relationship between AMs and asthma in a unified model of asthma, irrespective of the genetic differences of experimental animals, is warranted. Moreover, studies to determine universal cell surface markers of AMs would improve our understanding of the type of AMs and help to unravel their role in the pathogenesis of asthma.
